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Abstract

We have examined the effects of dietary selenium (Se) supplementation on larval growth and immunocompetence of the lepidop-
teran pest, the cabbage looper, Trichoplusia ni. Supplementation of the diet of T. ni larvae with 10–20 ppm Se resulted in a 1 day
delay in pupation. The effects of the addition and/or removal of dietary Se on total Se bioaccumulation and sequestration were
determined by neutron activation analysis of pupae. Early penultimate instar larvae moved from selenium containing diet to basal
diet lost total pupal Se content down to the level of those fed basal diet. Conversely, larvae moved from basal diet to diet containing
additional Se rapidly attained pupal Se levels comparable to larvae fed Se throughout larval development. Therefore, dietary Se is
rapidly accumulated or lost during larval development, but significant amounts are sequestered from diet into pupae. Larvae were
reared on diet supplemented with 5 or 10 ppm Se until the onset of the penultimate instar then infected per os with increasing con-
centrations of the fatal baculovirus Autographa californica multiple nucleopolyhedrovirus (AcMNPV). Larvae fed Se in the penul-
timate and ultimate instars were more resistant to viral infection than larvae not fed Se in the final instars. This study indicates that
dietary Se levels rapidly impact Se assimilation and sequestration and that tissue Se levels are an important factor in resistance to
AcMNPV infection in larval T. ni.
Published by Elsevier Inc.
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1. Introduction

Herbivorous insects encounter a range of dietary
nutrients, antioxidants, co-factors, and toxic plant sec-
ondary metabolites which affect their development,
reproduction, and behavior (Schultz, 2002). In their nat-
ural environment, insect populations are subjected to a
withering onslaught of microbial pathogens and para-
sites. Maintaining a vigorous immune defense against
pathogens may come at a significant cost to fitness via
the diversion of nutritional resources from growth and
reproduction (Rolff and Siva-Jothy, 2003). Although
many plant derived compounds have demonstrated
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adverse effects on insect fitness, no plant derived com-
pounds have been identified which impact the immuno-
competence of herbivorous insects. Abiotic and biotic
stress factors, fasting or specific nutritional deficiencies
(i.e., malnutrition) may weaken the immune system en-
abling opportunistic infection (Rolff and Siva-Jothy,
2003). For example, the micronutrient selenium (Se)
has been demonstrated to play a vital role in the immu-
nocompetence of vertebrates (Beck et al., 2004). Se is a
cofactor required for the activity of a number of sele-
noenzymes involved in the stress response, and the
maintenance of high tissue antioxidant levels, which
may contribute to a more robust antimicrobial and anti-
viral defense (Beck et al., 2004). This suggested to us
that dietary Se may also play a role in insect immune re-
sponses. Our artificial diet used to rear Trichoplusia ni
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(Hübner) at our laboratory for three decades contained
no added Se, resulting in a colony naturally depleted of
this element.

Immunocompetence in insects is generally inferred
from the survival of an infective challenge, from the cir-
culating levels of antimicrobial peptides, lysozyme,
encapsulation by immune cells, or melanization by the
enzyme phenoloxidase (Rolff and Siva-Jothy, 2003).
The latter two activities have been implicated in resis-
tance to baculovirus infection (Clarke and Clem, 2003;
Popham et al., 2004; Trudeau et al., 2001; Washburn
et al., 1996). We report that dietary Se levels available
to herbivorous insects may play a pivotal role in the
resistance of lepidopteran larvae to a normally fatal bac-
ulovirus challenge.
2. Materials and methods

2.1. Insects

Trichoplusia ni (Lepidoptera: Noctuidae) larvae ob-
tained from the BCIRL Insectary were reared on an arti-
ficial wheat germ based diet under a photoperiod of
14 h:10 h (L:D) at 55% relative humidity at 28 �C. The
colony of T. ni has been maintained at BCIRL on a
meridic diet for over three decades. This diet formula-
tion contains Wesson�s salt mixture minerals (Wilkinson
et al., 1972) with no added Se and will subsequently be
referred to as ‘‘basal diet.’’ The low amount of Se pres-
ent may be contributed predominantly by the wheat
germ added to the diet (Anon, 2001). Thus, a viable
colony of experimental insects naturally depleted of Se
for many generations was fortuitously available for
experimentation.

2.2. Selenium content determination

Groups of three pupae or larvae were killed by freez-
ing, placed in pre-tared vials, and oven-dried at 65 �C.
Dry weights were calculated. Se determinations were
performed by the University of Missouri Research
Reactor by instrumental neutron activation analysis
using a modification of the method described in McK-
own and Morris (1978). Pupae were chosen for analysis
because larvae completely void midgut contents prior to
pupation, eliminating any contribution of diet contents
within the digestive system to measured Se levels. Due
to the expense of this technique, a single group of three
pupae was used for each analysis. Se concentrations are
expressed as lg Se/g dry weight (ppm).

2.3. Weight determination studies

Larvae were exposed to Se by the incorporation of
differing concentrations of Na2SeO3 (Sigma Chemical,
St. Louis, MO) directly into the diet during mixing.
Three feeding regimes were tested at each of five concen-
trations of Se: (1) Se-supplemented diet present through-
out the entire larval stage until pupation (Se/Se), (2)
Se-supplemented diet present until the early fourth in-
star followed by transfer to basal diet until pupation
(Se/NonSe or depletion), or (3) basal diet before the on-
set of the fourth instar followed by transfer to Se-supple-
mented diet until pupation (NonSe/Se or repletion).
Control larvae were reared on basal diet containing no
additional Se. Prior to the onset of the fourth instar,
all larvae were fed diet dispensed into individual wax
cups in 125 ml aliquots. A sheet of freshly oviposited
T. ni eggs was stapled to the lids and larvae were allowed
to develop in groups of approximately 70–100. At the
onset of the fourth instar, larvae were manually trans-
ferred to fresh diet in wax cups with the appropriate
Se regime and allowed to develop until pupation. Ten
larvae were weighed from each of five cups for each Se
concentration beginning in the second instar and the
weights averaged. Groups of larvae were weighed daily
and then discarded (to minimize the effect of handling
on growth and survival) until more than 50% of the lar-
vae had pupated. Statistical comparisons were made
with the Tukey multiple comparison procedure when a
significant ANOVA value was found (P < 0.05) (Sigm-
aStat, Systat Software, Point Richmond, CA).

2.4. Viral infections

Virus was produced by per os infection of T. ni larvae
with polyhedra from the L1 variant of Autographa cali-

fornica multiple nucleopolyhedrovirus (AcMNPV)
(O�Reilly et al., 1992) and the resulting polyhedra were
isolated and sucrose gradient purified (McIntosh and
Ignoffo, 1983). For the larval bioassays, newly molted
fourth instar larvae were infected per os by the droplet
feeding method (Hughes et al., 1986) as modified (Sla-
vicek et al., 1999) with concentrations ranging from
1 · 103 to 1 · 106 polyhedra/ml of AcMNPV. Larvae
were presented with a 5 ll droplet consisting of virus
suspended in water, sucrose, and blue food-coloring.
After imbibing, larvae were placed in individual cells
with diet. Larvae were monitored twice daily for death
for 10 days and the times were recorded. Two bioassays
were conducted for each of the three Se regimes.

2.5. Statistical analysis of bioassays

For the six experiments (EXP), two for each combi-
nation of Se concentration (SC) and a range of viral
concentrations (VC), the cumulative number of dead in-
sects and the elapsed time (T) were computed for each
time of observation. An additional variable hour class
(HC) was created whereby each observation was classi-
fied in 24 h increments, i.e., 0–36 was 24, 36–60 was
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48, and 228–252 was 240. Using SAS PROC PROBIT
(SAS Institute Inc., 1999), the probit (cumulative
dead/initial number of insects) was computed with SC,
VC, T, SC*VC, SC*T, VC*T, and SC*VC*T in the
model for each experiment of each Se regime (SR). Since
every experiment displayed a three-way interaction be-
tween the Se concentration, the viral concentration,
and time post-infection that was significant, PROC
PROBIT was used to compute the viral LC50 for all
the combinations of EXP, SR, SC, and HC. A regres-
sion was fitted to the LC50s to provide a surface repre-
senting the effect of the virus on the insects in the
presence of differing Se treatments over time. The med-
ian time response or LT50 (time when 50% of the larvae
in a group had died) was obtained by running PROC
PROBIT for each combination of SR, SC, and VC with
only elapsed time (T) as the independent variable in the
model and the probit (cumulative dead/total dead) as
the dependent variable.
Fig. 1. Larvae were raised in groups on diet with or without selenium
then transferred as a group to new diet at the onset of the fourth instar
(day 4). A subset of larvae were weighed daily from the second instar
until pupation (n = 5, mean ± SE). (A) Weights of larvae fed Se-
supplemented diet throughout development (Se/Se). (B) Effect of
dietary Se depletion on weight. Weights of larvae reared on Se-
containing diet then transferred to basal diet at the first day of the
fourth instar (Se/NonSe). (C) Effect of dietary Se repletion on weight.
Weights of larvae reared on basal diet then transferred to Se-
supplemented diet at the first day of the fourth instar (NonSe/Se).
3. Results

3.1. Effect of Se concentration on growth and development

Whole body larval Se was determined from fifth in-
star T. ni larvae fed basal diet to be 4.2 ± 0.6 ppm dry
wt (n = 5 groups of three larvae each) which is approx-
imately 1.4 ppm Se/larva. Since only trace amounts of
Se are present in T. ni larvae or the artificial diet, a pre-
liminary range-finding experiment was conducted to
determine the concentration of NaSeO3 which could
be added to the lepidopteran diet without deleterious ef-
fects on larval development or mortality. Larval weights
were recorded from third instar larvae allowed to feed
on diet with increasing levels of Se (1–100 ppm) since
hatching. We found that dietary supplementation with
greater than 25 ppm Se inhibited growth of T. ni larvae
by 40% based on larval weight. Feeding on diet contain-
ing 50 ppm Se resulted in a 62% inhibition of larval
growth which was subsequently inhibited by 75% at
100 ppm Se (data not shown). The growth of larvae
fed on diets containing from 1 to 10 ppm Se was not sig-
nificantly different from those fed basal diet (ANOVA,
p = 0.08) (data not shown). Therefore, in subsequent
experiments a range of dietary Se concentrations from
5 to 20 ppm was chosen as a subtoxic range of Se that
could be incorporated into the diet without deleterious
effects on larvae.

Larval weights were monitored daily in larvae fed on
three different regimes of increasing levels of Se (Fig. 1).
Higher concentrations of Se in diet (10 and 20 ppm) fed
continuously to larvae (Se/Se) caused the growth to lag
behind larvae fed 0, 1, or 5 ppm Se (Fig. 1A). However,
larvae fed higher concentrations of Se (10 and 20 ppm)
until the fourth instar and then moved to basal diet
(Se/NonSe) caused the larval growth to lag significantly
behind larvae fed 0–5 ppm Se from day 7 of develop-
ment (Fig. 1B). Larvae fed basal diet until the fourth in-
star then fed 10 or 20 ppm Se diet (NonSe/Se), lagged
behind those fed 0, 1, or 5 ppm Se but began to catch
up by the late fifth instar (Fig. 1C). As with the Se/Se
fed larvae, NonSe/Se larvae fed 10 ppm caught up in
growth by the end of the fifth instar though larvae fed
20 ppm Se lagged a day behind in growth.

Pupae from the above experiment were weighed with-
in 24 h of pupation (Fig. 2). In larvae fed diet containing
different amounts of Se throughout development (Se/
Se), there was no significant difference in pupal weights



Fig. 2. Final pupal weights attained by T. ni larvae were only slightly
affected by dietary selenium feeding (Se/Se), depletion (Se/NonSe) or
repletion (NonSe/Se). Pupae from the larval weight study shown in
Fig. 1 were collected and weighed soon after pupation (n = 6,
mean ± SE). Larvae were raised in groups on diet with or without
Se then transferred as a group to new diet at the onset of the fourth
instar (day 4).

Fig. 3. Pupal selenium sequestration from diet during larval develop-
ment. Total Se levels were greatly impacted by dietary Se feeding,
depletion or repletion. Se levels in pupae were determined by
instrumental neutron activation analysis. Each bar represents a group
of three pupae.

422 H.J.R. Popham et al. / Biological Control 32 (2005) 419–426
(P = 0.10). The same was true for pupae resulting from
larvae fed basal diet then moved to diet containing dif-
ferent amounts of Se (NonSe/Se) (P = 0.10). However,
there was a slight difference in the mean pupal weight at-
tained by larvae fed Se added to their diet and then
moved to basal diet (Se/NonSe) (F = 3.928, df 4.18,
P = 0.018). The group fed 10 ppm Se diet had a statisti-
cally higher mean pupal weight than those that were fed
only basal diet (F = 12.663, df 1.9, P = 0.006).

Neutron activation analysis was used to determine
the total amount of Se in pupae. Five groups of three
pupae fed basal diet during larval development were
analyzed to determine the variation between samples
with this technique. The amount of Se was
6.6 ± 0.1 ppm Se dry wt (mean ± SE) for three pupae.
The amount of Se accumulated by larvae during the
course of feeding on Se-supplemented diets was also
determined for one group of three pupae from larvae
fed the three different regimes of Se (Fig. 3). The amount
of Se in pupae continuously fed Se during the larval
stage increases with the level of Se fed. However, the
amount of Se in Se/NonSe pupae is the same for all lev-
els of exposure and appears to be the same as larvae fed
only basal diet. The Se level in NonSe/Se pupae goes up
rapidly depending on the amount of Se incorporated
into the diet. The amount of Se in pupae fed diet con-
taining Se throughout larval development is more than
that in pupae fed diet containing Se only later in larval
development.
3.2. Effect of Se concentration on viral infection

Larvae fed on the three regimes of Se were challenged
with baculovirus infection at the onset of the fourth in-
star with varying concentrations of AcMNPV. A regres-
sion surface was generated by SAS PROC PROBIT
based on the Se level, the time post-infection, and the
predicted concentration that killed 50% of larvae
(LC50) for each treatment based on larval death over
each 24 h period (Fig. 4). For both the Se/Se and the
NonSe/Se, the LC50 increases as the amount of Se in-
creases at 96 h. This trend is less marked for each 24 h
period afterward as fewer larvae die. For Se/NonSe,
the LC50s show very little difference as the amount of
Se increases. In brief, dietary Se repletion immediately
following baculovirus challenge (i.e., transfer of larvae
from basal diet to Se-supplemented diet) provided a pro-
tective effect against infection equivalent to that of
maintenance on Se-supplemented diet throughout the
entire experiment (Fig. 4). Dietary Se depletion follow-
ing infection (i.e., transfer of larvae from Se containing
diet to basal diet) resulted in a rapid loss of any protec-
tive effect of dietary Se, as Se levels present in the midgut
and other tissues declined. Taken together, these data
indicate that adequate dietary Se levels, when provided
to fourth instar T. ni larvae during the early phase of
per os baculovirus infection, had a protective effect
against AcMNPV.

The effects of dietary Se on trends in the time to
death, or lethal time 50% (LT50) were also examined.



Fig. 5. The median time response or LT50 decreased at higher viral
concentrations in the 5 ppm Se fed insects. The LT50 was calculated by
SAS PROC PROBIT for each concentration of each individual
experiment and then averaged by dose for all Se regimes (mean ± SE).

Fig. 4. Dietary supplementation with 0, 5 or 10 ppm selenium in the
developmental period before the fourth instar results in variedmortality
when larvae are orally infected with baculovirus. A regression was fitted
to the LC50s of each Se regime to provide a surface representing the effect
of the virus on the insects in the presence of differing Se treatments over
time: Se/Se, LC50 = 521864 + 439520 · Se � 2197.29 ·Hr � 5076.45
· Se · Hr + 13.93 · Se · Hr2, R2 = 0.65; Se/NonSe, LC50 = 355048
+ 118522 · Se � 1369.11 · Hr � 1301.28 · Se ·Hr2, R2 = 0.27; and
NonSe/Se, LC50 = 340207 + 390747 · Se �1177.07 · Hr � 4431.04 ·
Se ·Hr + 11.95 · Se · Hr2, R2 = 0.44.
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Because a similar trend was seen for all Se regimes, the
LT50s for each Se regime were combined and plotted by
viral concentration (Fig. 5). As expected, LT50s declined
gradually as the concentration of virus was increased. At
the lowest viral concentration, low mortality gave erratic
LT50s as expected. No effect of dietary Se concentration
on LT50s was observed in the middle range of virus con-
centrations. However, the LT50s for the larvae fed
5 ppm Se were significantly lower for both of the highest
virus concentrations. At a concentration of 7 · 104 poly-
hedra/ml, the LT50s were 125.8 ± 6.6 h, 108.3 ± 5.0 h,
and 124.1 ± 8.4 h (mean ± SE), respectively, for 0, 5,
and 10 ppm Se. At 2.5 · 105 polyhedra/ml, the LT50s
were 117.7 ± 6.8 h, 96.2 ± 1.8 h, and 112.2 ± 7.7 h,
respectively, for 0, 5, and 10 ppm Se. This suggests that
the beneficial effect of 5 ppm dietary Se on mortality
may be slightly countered by faster death following
infection; but only at the very highest levels of baculovi-
rus exposure. This effect was not also observed at
10 ppm dietary Se.
4. Discussion

Adequate dietary levels of the micronutrient Se are
necessary for survival, whereas higher levels of Se can
be toxic to insects (Jensen and Trumble, 2003). High soil
Se content, occurring naturally, as well as the accumula-
tion of Se in soils caused by irrigation, may impact pop-
ulations of herbivores negatively by interference with
molting (Dietrich et al., 1987; Jensen and Trumble,
2003), or by more subtle population effects such as feed-
ing deterrence (Banuelos et al., 2002; Hanson et al.,
2003, 2004; Trumble et al., 1998; Vickerman et al.,
2002a, 1999, 2004), delayed development (increasing lar-
val exposure to biotic and abiotic mortality factors), or
interference with oviposition and reproduction (Trum-
ble et al., 1998; Vickerman et al., 2002a,b). Selenite
ðSeO2�

3 Þ or selenate ðSeO2�
4 Þ are assimilated from soils

by plants and by enzymatic reduction to organic seleno-
compounds, primarily selenomethionine (Birringer
et al., 2002; Whanger, 2002). In insects and plants,
organic Se is further converted to selenocysteine, which
is co-translationally incorporated into selenoproteins
(Ellis and Salt, 2003; Whanger, 2002; Zhou et al.,
1999). Dietary selenate was assimilated by the larval
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beet armyworm, Spodoptera exigua (Hübner), to selenite
and selenomethionine (Vickerman et al., 2004).

Se levels in pest insects might play additional roles in
the efficacy of biological control agents, such as the
facilitation or inhibition of microbial infection. We
examined this possibility by tracking the mortality of
Se-supplemented cabbage loopers, T. ni, to the baculovi-
rus AcMNPV. Fortuitously, a colony of the lepidopter-
an pest insect T. ni has been maintained at our
laboratory for many generations on an artificial diet
with no intentional effort to ensure adequate dietary
Se. We determined that supplementation of the diet of
these Se-depleted larvae with 25 ppm or more sodium
selenite resulted in delayed growth of larvae as com-
pared with those individuals fed less than 25 ppm which
developed normally. We found that supplementation of
the diet of these larvae with 5 or 10 ppm sodium selenite
significantly boosted survival to subsequent baculovirus
infection when larvae were fed Se in the later instars (Se/
Se or NonSe/Se). This suggests that the presence of Se in
larval tissues during viral infection lowers the suscepti-
bility of larvae, particularly in initial mortality.

The mechanism whereby dietary Se-supplementation
boosts resistance of T. ni larvae to baculovirus infection
is unknown. Se depletion and repletion by dietary mod-
ification is known to alter the susceptibility to viral
infection in vertebrates (Beck et al., 2004). In mammals,
Se is a cofactor required for the activity of a number of
selenoenzymes involved in the stress response (e.g., glu-
tathione reductase, or thioredoxin reductase) which
maintain nominal intracellular redox homeostasis, and
which contribute to a more robust antimicrobial, specif-
ically antiviral, defense (Beck et al., 2004). AcMNPV
infection of a T. ni derived cell line resulted in oxidative
stress and the depletion of cellular pro-oxidant levels, as
measured by elevated lipid hydroperoxides, protein car-
bonyls, and reduced glutathione levels (Wang et al.,
2001). Thioredoxin peroxidase expression is induced in
tissues of larval silkworm, Bombyx mori L. 1758, by
infection with the baculovirus BmNPV (Lee et al.,
2005). Therefore, Se deficiency could result in increased
oxidative stress in larval tissues, particularly the midgut
(Hoover et al., 2000) or hemocytes (Trudeau et al., 2001;
Washburn et al., 1996), and could impair the response
against AcMNPV or other baculoviruses.

The only known function for the essential micronutri-
ent Se in animals is as a redox cofactor co-translation-
ally incorporated into selenoproteins as the amino acid
residue selenocysteine (Beck et al., 2004). At least four
selenoproteins have been identified in the genome of
the dipteran Drosophila melanogaster Meigen (Castel-
lano et al., 2001). However, none of the enzymes respon-
sible for redox homeostasis identified in insects (i.e.,
glutathione reductase, thioredoxin reductase) are depen-
dent upon Se for activity, as they are in mammals (Bauer
et al., 2003; Kanzok et al., 2001; Lee et al., 2005; Miss-
irlis et al., 2002; Singh et al., 2001). Deletion of the Dro-

sophila translation elongation factor SelB, which
eliminates selenoprotein synthesis entirely by blocking
co-translational insertion of selenocysteine, did not af-
fect longevity or survival following an oxidative insult
(Hirosawa-Takamori et al., 2004). In contrast, disrup-
tion of the synthesis of the Drosophila selenoproteins
dselK and dselH resulted in embryonic and larval lethal-
ity accompanied by deficits in intracellular antioxidants
and in the accumulation of lipid peroxides (Morozova
et al., 2003). Therefore, given that the role for Se in
the insect oxidative stress response is subject to debate,
we posit that one or more of the remaining selenopro-
tein activities may have a role in limiting baculovirus
infection in T. ni and other lepidopteran larvae. Charac-
terization of these selenoproteins will be the subject of a
future report.

We have established that dietary supplementation
with selenite significantly boosts larval T. ni resistance
to the baculovirus AcMNPV in a dose-dependent man-
ner. Soil Se levels exhibit considerable spatial variability
(Dhillon and Dhillon, 2003). Assimilation and bioaccu-
mulation of Se also differs among crops, weeds, herbi-
vores, and predators (Jensen and Trumble, 2003). Our
results suggest that soil Se levels, and the levels of other
micronutrients, could influence the response of herbivo-
rous insects to other biological control agents, and could
disrupt IPM strategies dependent upon biological con-
trol agents. Selenate supplied systemically to plants
has recently been suggested as a feeding deterrent, in ef-
fect a biological control, for the green peach aphid, My-

zus persicae (Sulzer) (Hanson et al., 2004). Our results
suggest that such supplementation might actually benefit
herbivorous insects not deterred by high Se levels by
increasing their resistance to microbial infection. Our re-
sults also suggest that provision of adequate dietary Se,
and perhaps other micronutrients would improve the fit-
ness and disease resistance of mass-reared beneficial in-
sects used in augmentative release biological control
programs. Additionally, in vivo bioassays evaluating
insecticidal agents such as toxins or pathogens which
were conducted using artificial diets containing subopti-
mal levels of Se or other micronutrients may need to be
revisited. Finally, our results suggest that the type and
level of specific soil micronutrients taken up by crops,
and bioaccumulated to higher trophic levels may be ad-
versely impacting the efficacy of some microbial biolog-
ical control agents in a locality-specific manner.
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